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FOREWORD

The present study is a part of a program of theoretical and experi-
mental research on hypersonic flow being conducted by the Gas Dynamics
Laboratory, The James Forrestal Research Center, Princeton University,
Princeton, New Jersey on Contract AF 33(616)-7629 for the Aeronautical
Research Laboratories, Office of Aerospace Research, United States Air
Force. The work reported in this interim report was on Task 7064-01,
""Research on Hypersonic Flow Phenomena' of Project 7064, ""Aerothermo-
dynamic Investigations in High Speed Flow'" under the technical cognizance of

Capt. Walter W. Wells of the Hypersonic Research Laboratory of ARL.
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ABSTRACT
As part of a fundamental study of hypersonic wings, some detalled

pressure distribution and heat transfer results have been obtalned over
sections of the leading edge reglon of a blunt plate at sweep angles

from zero to 75°. The tests were carried out In the Princeton Unlversity
Helium Hypersonlc Wind Tunnel at Mach numbers from 7 to 17. Some effects
of the apex or upstream boundary of the plate on the leading edge reglons
under study were determined at various stations along the leading edge.
The leading edge reglons examined showed deviatlons from normal Mach
number consjderatlons at high sweep angles over the entire Mach number

range studied.
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INTRODUCT ION

As fllght velocitles Increase, the problem of aerodynamic heating
of |ifting and control surfaces becomes Increasingly serlous, A method
of alleviating this problem Is to Increase the radius of curvature of the
leading edge and [ncrease the sweepback angle., The Increased radlus of
curvature, although increasing the drag of the body, decreases the heat
transfer rate at the stagnation point and has been well establlshed by
studies on spheres. The Increase In sweepback angle decreases the heat
transfer by reducing the pressure |evel over the nose. Although some
theories have been developed for a blunt body with sweep, there [s serlous
lack of detalled experimental data In the hypersonic flow regime and for
wide Mach number varlations. For these reasons, a study of the nose region
of a bjunt two-dimensional plate at varlous angles of sweepback has been
carried out, The primary purpose of these tests was to examine the portlion
of a swept wing leadling edge which might be considered two-dimensjonal
(1f any), I.e. analogous to the [nfinlte swept wing with no effect of
the apex, The use of the normal Mach number hypothesis to predict the
pressure distributions and heat transfer at various sweepback angles and
comparisons with other avallable theories were to be examined, Since these
theories are mainly based on two-dimensional flow considerations, thelr
application to the flow over swept wings Is only true when the three-

dimensional effects are small and thls region was still to be determlned.

Manuscript released by the authors (June, 1962) for publication as an
ARL Technlcal Documentary Report.



The confjguratjon studied had a leading edge which was cyllndrlcal
In the dlrectlon normal to the leading edge of the mode! and was tested
at zero angle of attack. This enabled easy correlation of the results
with theory since the location of the "stagnation |jne" Is known and the
flow over a cyllndrical rod normal to the flow dlrection has been ex-
tensively examined. Sweepback angles from zero to 75° at Mach numbers
from 7 to |17 have been Investigateds Some results from the present paper
were gliven during January 1962 at the Instjtute of the Aerospace Sciences

30th Annual Meeting (Ref. I1).

BRIEF REVIEW OF THEORIES

The theories avallable for predicting the pressure distribution
over swept wing leading edges are |limjteds Considering the chordwise
pressure distrjbutjon, "modjfied Newtonlan" has some theoretjcal justifi-
cation and seems to fjt experimental results at lower Mach numbers over
the nose reglon.

For the effect of sweep, the pressure at the "stagnation llne" can
be calculated, using the normal Mach number approximation whjch applles
to a supersonic leading edge. Thls body Is consjdered two-dimensional using
the normal Mach number and neglecting the crossflow component. This, of
course, assumes a stagnation point. |In reality, the neglected crossflow
component (along the leading edge) js, for reasonable sweep angles and
hypersonic stream Mach numbers, supersonic and there [s no '"'stagnation
line" for a swept winge The term stagnation line wii} be used herein to
jdentify this region of the model.

Many theorjes have been developed for predicting the heat transfer

over a blunt body. They all jnclude the following baslc assumptjons,



plus a few additlonal ones:

I« pertfect gas

2. constant specific heats

3e Isothermal bodies

4, Prandt!| number equals a constant.
Theories by Lees (Ref, |), Eckert and Llvinggood (Ref. 2) and others
will not be considered due to the additjonal assumptions of a highly
cooled wall, which does not apply for the present case, or difflculties
Involved with direct correiation of the theory with experimental results
(the evaluation of the flow quantities at the edge of the boundary layer).

Reshotko and Beckwlth (Ref. 3) consldered the effectof sweepback

on heat transfer using a |jnear vlscosity temperature law in additlon to
the above assumptions. The three-dimensjonal boundary layer equations were
transformed to the incompressible region using the Stewartson transformation.
To solve these equatjons, a Falkner—=Skan veloclty distribution In the trans~
formed coordinates was assumed. This |imits the development to stagnation
line flow where this type velocity distribution actually occurs. The
boundary layer equations were then solved numerically Including the effects
of arbitrary Prandt] number and non-Insulated surfaces. Assuming a
modifiad Newtonlan pressure distrjbutjon at the stagnation point, the

heat transfer varlation |s represented by

%
- Pw, A D dug B
h [ et ) v 9/,
hrater cos A -
A=0 \ ®w,A= Pra Pw,A=0 due
! P uy dx ML
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Js obtalned from the numerjcal solution, dug/dx from the modlfied
Newtonlan pressure law and p, from experimental results. |t was noted
by Reshotko and Beckwith (Ref. 3) that even though the above equatijon
was for a Prandt! number equal to one, the error Involved for a Prandt|
number of 0.70 was found to be less than two percent.

Goodwin, Creager, and Winkler (Ref. 4) consjdered the Incompressible
case with a linear viscoslty temperature law In addjtion to the above
assumptions. In the 1imit for large Mach number they obtalned the

geometrical result that:

h
A_ . cosz'/2 A
P A=O

Beckwith and Gallagher (Ref. 5) used the simllar solutjons obtained by
Beckwith (Ref. 6) which Included the above assumptlons In addltjon to a
linear viscosity temperature relatjonshlp and a modjfled Newtonjan

pressure law at the stagnation polnt. They obtajned:

ha . e\t [To\* [Py :
nz (2 ) G
which applies to the stagnation Ilne.

At a two-dimensjonal stagnation polnt Reshotko and Cohen (Ref. 7)
obtalined a solution using the results from Cohen and Reshotko (Ref. 8).
The assumptjons jncluded a iinear temperature viscosity law and a Falkner=-
Skan velocity distribution In the transformed coordinate system In

addition to those previously mentioneds The Stewartson transformation

was applied to the two~dimensional boundary layer equatjons and solved



numerically for Nu/y/ Rew. The heat transfer can then be represented by:

h kw Nu  Jdue 1
Vw A Rey \dx

where dug/dx Is obtained from experimental results.

Reshotko (Ref. 9) further simplifled the analysls of Cohen and
Reshotko (Ref. 10) for the chordwise dlstributjon of the heat transfer
over a two~dimensional body. The approximatlions Include a llnear viscoslty
temperature law, and the ones prevjously mentloned. Stewartson's trans=
formation js applied to the two-dimensjional boundary layer equatjons and
the result Is expressed In terms of dimensjonless parameters related fo the
wall shear, the surface heat transfer, and the transformed free stream
velocity. Next Thwaltes' concept of the unique interdependence of these
parameters js assumeds. The correlation numbers for these parameters are
then calculated using the exact solutions of Ref. 8. Reshotko then makes
a few additlonal assumptjons In approximating the correlation numbers for
heat transfer In terms of the pressure gradient observed on the body. He
arrives at an expressjon for the heat transfer as a functjon of the pressure
distribution over the body. Thls can be easlly calculated after a simple
numerjcal jntegration. He states that these results should be withln ten
percent of the exact values for moderate pressure gradients and/or highly

cooled surfaces but proposes no method for appljcation to swept leading edges.

EXPERIMENTAL FACILITIES AND MODELS
The test program was conducted jn the three inch djameter, Princeton
Universjty Heljum Hypersonlc Wind Tunnel (Ref. 12). The tests at Mach

numbers of 8, 13, and |7, were conducted In conjcal nozzies whlch had



Mach number gradlents of about 0.4 per Inch for the lower Mach number
range and 0,7 per Inch at the high Mach number range, The tests at a
Mach number of || were conducted In a contoured nozzle, The free stream
Reynolds number varjed from 0.5x10° per inch to l.OxIO6 per Inch. Hellum
at room temperature was used as a test fluld.

The pressure model was /8 inch thick, | Inch long and 2 Inches
wide, and was constructed of steel (Figure |). The location of the pressure
~ taps Is shown in Figure 2, The basic modei consisted of a rectangular
portion on which the pressures were located, To this, varlous dummy tips
were attached to form a partial delta wing for dlfferent sweepback angles
(Figure 2), Tlps were also constructed to change the djstance from the
apex, The model was mounted from the side of the tunne| (model in the
vertical plane) and rotated about the leading edge.

The heat transfer model was of the thin skin type, made of staln-
less steei 0.0095 inches thick (Figure }). The physical dimensions of the
basic model were the same as the pressure model with the thermocouples jocat-
ed at the same statjons as the pressure orlfilces. Tips similar to those
used with the pressure distribution models were attached to the basic
heat transfer section, but were made of lucite to lImlt heat conduction
effects, The thermocouples were copper-constantan wires of 0.010 Inches
diameter., Holes 0,006 inches In diameter were drilled In the skin
0.016 inches apart, The wires were etched to approximately 0,005 Inches
in diameter and Inserted in ftte holes., They were then spot welded In
place from the outsjde. The model was mounted In exactly the same

manner as the pressure model.



To obtaln recovery temperatures a [uclte model was constructed
to have the same physical dimensions as the heat transfer model, A
slotted groove was made 0,002 Inches deep on the surface through which
the thermocouple wires, 0,003 Inches in dlameter, were brought. The
groove was fllled with silver circult palnt and the wire cut level with
the surfece. These junctlons were at the same |ocation as on the heat
transfer model, Thls was done to minimize possible conduction errors
whlich were calculated to be less than 0.2 percent,

The pressures over the models were recorded on manometers using
silicone oll and mercury with a 20 micron reference pressure. Copper
tubing was used throughout to prevent outgasing.

The heat transfer was measured using the transient technique. The
temperature time history of the mode! was recorded on Leeds and Nothrup
Speedomax recording potentiometers having a full scale response of less
than |/4 second, The Inltlal temperature of the model was set higher than
room temperature by using heat lamps and then cooled fo recovery temperature
during the run, The heat lamps were turned off after the test section was
evacuated by the ejector system approximately 30 seconds before the run
began. This eliminated any heat input due to the slow cut-off time of the
lamp, and since the test section was at a relatively low pressure, about
/10 psia, the temperature varied very little until the beginning of the
run, The tunnel was equipped with a quick start mechanism that establ|]shed
the flow [n about one millisecond. The temperature time history of each
thermow uple was recorded for as much as the first flve seconds of the
run during which time the stagnation temperature varied only one degree,

To obtain the recovery temperature, the Jucite model was used. The
tunnel was run unti| no temperature varjation could be detected (until
equilibrium was establ]shed), then the temperature recorded.

7



Four dummy models were bullt for the express purpose of determining
the shock wave shape along the leadlng edge by optical means, Two had a
sweepback angle of 60°, one with a blunt apex and the other wjth a sharp
apex; and the other two had a sweepback angle of 75°. To cleck the. general
two=~djmensional character of the flow, several exploratory oll trace studjes
were made. These studles were carrled out by Injecting a very low viscosity
oll through two of the pressure oriflces on the stagnation Ilne of the model

during the test.

DATA REDUCT |ON
To determine the heat transfer coefficlent, radjatlon and conduction
along the mode! and down the thermocouple wires were neglecteds The
errors involved were minimized by the thin skin and small temperature
differences for the flrst few seconds of the run. Solutjon of the one=~

dimenslonal heat flow equation, assuming a thin skjn, gives:

pc daT

h = T
Tw-Tr df*

In the nose region, where there Is curvature, the two~dimensional
heat equation must be considered. Working In polar coordinates the

solution js:

The above analysis Is very simllar to that given In Ref. 13, For the
case of the present model the effective thickness in the nose regjon Is
seven percent lower than the actual thickness. From the temperature~
time history, the slope at time equal to zero can be found and from this

the heat transfer coefficjent can be calculated.



The slope at time zero Is used since the conduction errors are
minimjzed and Ty 1S known, The precision of the results at time equals
zero |s compromised by the finite response times of the recorders and
the tunnel starting time. To minimize thls effect, the zero time condl-
tions were obtained by extrapolating back to zero time by means of a
computer., The method used was as follows: The first |/4 second of data
was neglected., The extrapolation was done by fitting an exponential
curve to the data after |/4 second and working back to zero time. Since
pure convective heat transfer [s a |logarithmic functlon, a calculation
of the quality of the curve fitting to the data was done by the method of
least squares, Only curves having a correlatjon coefficient of 0,99 and
better, were used, In the cases of hlgh heat transfer (stagnation polnt)
the first second of recorded data was used for the data reduction, For
the low heat transfer rates obtained experimentally on the flat plate
reglon of the body, 4 to 5 seconds of data were employed.

To determine the error Involved In the method of obtaining the sjope
at time zero of the temperature time history, a discharging capacjtor
clrcult was used as an input to the recorders, The electrical clrcult
was constructed with the capacltance and resistance In parallel, with the
Input resistance approximately the same as that of the thermoo uple
Junctions used. The capacitance was varied to obtain the entire range
of Initlal slopes obtained experimentaliy. The initial slopes were then
calculated In the same manner as for the heat transfer data and checked
to within four percent of the theoretical values calculated for the electrical
Input clrcuit. In an attempt to try to estimate the accuracy of the heat
transfer values, [t was necessary to conslder the errors Inherent In the

mode| as wel| as those due to the measurements, The skln thickness of



the model was known to + one percent. The properties of the material,
namely the density, speclflic heat and thermal conductivity were obtained
from the best sources avallable (Ref, [4),

The errors In the thermocouple measurements show up in 2 parts, For
the steady state recovery factor, the maximum error of 0,2 percent causes
an error of two percent In the heat transfer, The transient temperature
measurements from the temperature-time curve produces a four percent maximum
error in the initial gradient due to machine response time (as Indlcated
previously). Both these errors tend to lower the values of the measured
heat transfer from six percent to about two percent. In cajculating the
heat transfer, both the conductlon along the mode)] surface and radiatjon from
the mode! were neglected, The radiatlon error was calculated and found to
be less than 0,1 percent. The conduction along the thin skin was less than
two percent (due to the fact that the heat transfer coefficlent was evalu-
ated at zero time)., The conduction losses down the thermocouple wires
were estimated to cause a maximum reduction in the heat transfer coeff]-
cient of six percent but the data were not corrected for this since

relative heat transfers were of primary Interest In this study.

DISCUSSION AND RESULTS
A summary of the pressure data is presented In Figures 4, 5, 6 and 7.
It should be noted here that s/t = 101 s actually the stagnation line,
s/t = 0. The dash lines represent modified Newtonian theory based on
normal Mach number, It can be seen that the theory generaily agrees
with the experimental values up to body angles of approximately 45° and
drops below the experimental points after thls statlon. This is due

to the fact that the actual pressure must approach the free stream
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pressure and the theory goes to zero at the shoulder. The d}fferences
between theory and experlment at the stagnation polnt will be discussed
in detail in a later section of thls paper. Each data polnt represents
several experlmental points since the scatter for pressure measurements
is negliglble. The solid lines represent the flat plate data of

Refs. 15 and 16 which were obtalned over the downstream flat plate
sections of similar models.,

To check the effect of the apex shape, both sharp and rounded apexes
were tested at Mach numbers of || and 17 at sweepback angles of 60°, 70° and
75°. The pressure over the measuring stations (x/t from 10 to 25,
approximately) did not vary withln the experimental accuracy (order of
one percent).

The effect of stagnation pressure was also jnvestigated as the heat
transfer tests were performed at 1000 psia and the pressure tests from (000
to 400 psja. It was found that the variation In the pressure distribution
caused by changing the leading edge Reynolds number (based on free stream
conditions and leading edge thickness) from 50,000 to 120,000, was only six
percent (Figure 8). At the lower stagnatjon pressure a slightly higher pressure
was measured which js to be expected due to the greater viscous effects,

The pressures along the stagnatjon Iine were then examined In detall
for sweep angles of 60° and 75°. At 60°, the flow was found to be two-
dimensjonal (that Is, the pressure along the leadjng edge was constant,
Figure 9). On the graph, py represents the measured pressure and Py the
pressure calculated considering the normal Mach number across a normal
shock. The fact that the pressure ratio fell below one will be discussed
in greater detail later. At 75°, the flow was found to deviate from two-
dimensionallty which was also observed by Penland (Ref. 17)

at a sweepback angle of 70°, at a Mach number of



6.8 In air, In the present results, the pressure ratio along the
stagnation line Initlally Increases and then decreases to a value less

than unjty, rising agaln at the station furthest from the apex, The In-
sensitivity of the results to the apex shape can be noted from a comparlson
of the few sharp apex results with the major results obtained with the
blunt apexes.

To further examine this departure from two-dimenslonal flow at high
sweep angles, some oll trace and optical studies were undertaken. The oil
studies at sweepback angles from 37 1/2° to 75° are summarized In Flgure 11,
A small amount of very thin ofl was Injected through a stagnation line orifice
and the resulting streak was photographed, This technique glves the flow
direction at the surface of the model but, of course, does not deflne the
stream direction. The flow direction Is from left to right and the leading
edge of the model Is Indicated by the hatched line., The oll streak (flow
direction on the surface) is shown by the heavy |ine marked with arrowheads,
Up to about 60° sweep, the flow on the surface over the leading edge Is two-
dimensional, |.e,, perpendicular to the |eading edge. The effect of
Increasing the sweep angle [s noticed by the flow deviating from this
"two-dimensional" flow closer to the shoulder of the nose section. For
sweep angles of 60° and higher, three-dimensional effects are noticed over
the entire leading edge region but there seems to be no major change (over
the nose region) in changing from 60° to 75° sweep angle,

To supplement the oil trace studies, shadowgraphs were taken normal to
the plane of the wing, and the stand-off distance was measured on an optical
comparator, (Figures |2 and 13), The accuracy of the measurements made from
the shadowgraphs Is indicated as a band on the figures, Results were ob=-
tained for both blunt and sharp apexes. For the 60° case, the stand-off

12



dlstance varles as might be expected from simple considerations,

Since the stand-off distance Is |ess for a three-dimensional nose than

a two-dimensional one of the same dimenslon, one would expect the stand-
off distance to increase from the apex, approaching some constant value
when the effect of the apex was small., Both the sharp and blunt tip
exhiblt this trend, and are approxlmaTel; constant In the Instrumented
region. This agrees with the pressure data and the ol! trace study.

For the 75° case, there Is no uniform region obtained over the dimensions
of the test model. Although the strong effect of the blunt apex seems to
have died out (as compared to the sharp apex), conslderable variatfon in
the stand-off distance along the measuring reglon Is noted. This change in
the stand-off distance in the reglon of measurement agrees wlth the
previous|y mentioned pressure measurements,

A more direct comparison of the normal Mach number hypothesls for
varjable Mach number is shown In Figure |4, The experlmental results on
the stagnation line are compared to simple normal Mach number predictions.
The leading edge Reynolds number for each case [s noted In the figure,

Each indicated point represents the average of many data points whose
scatter was |ess than two percent, The hypothesis is seen to be correct
only at low sweep angles, At higher sweepback angles, the measured
pressures fall above the predicted values for higher Mach number, and below
the predicted values for low Mach number, Since the flow at the highest
sweepback angles (70° and 75°) was three-dimensjonal these data should be
consldered doubtful, but the same effect Is clearly noted at sweepback
angles of 60° and less where the flow has been shown to be two-dimensional,
No mechanism has been proposed to explain this effect and further tests

are planned for higher Mach numbers to see |f this trend contlnues,
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A summary of the heat transfer data at a Mach number of |1l Is
presented in Figure |5, For a value of s/t and A, each Indicated point
represents about 20 Individual values of h (from elther change of spanwise
locatlon of the Jjunction, model changes, or different tests). The repeat-
ability of the values for one physical point on a single mode! was
+ two percent. The experimental scatier for each data polnt caused by
different models, test conditions, data reductlion, and variation In the
spanwjse direction was a maximum of 4 eight percent. The general trend
of the data, as expected, agrees wlth the pressure data. At large s/t the
heat transfer approached the flat plate value predicted by theory. The
solid line represents the theories by Cohen and Reshotko at zero sweep
based on the measured pressure distribution using the temperature external
to the boundary layer to evaluate Nu/ ./ Re, over the entire body. To
check the normal Mach number hypothesis, Cohen and Reshotko's theory was
extended to the sweep case using the measured pressure distributlons. The
results of this simplifijed approach were in poor agreement with the present
data being as much as fifty percent in error,

A comparison of the stagnation values of the present results with
theorjes and experiments for varjous sweepback angles is shown in Flge. 6.
Here the heat transfer coefficient js non-dimensjonaljzed by Its value at
zero sweep. Theories by Beckwith and Reshotko; Beckwith and Gal lagher; and
Goodwin, et.al. (cosS/ZAk are represented by the solid and dashed lines.
Experimental results by Feller (Ref, 18) and Goodwin, et.al. (Ref. 4)
obtained in air at lower Mach numbers are also represented. The present
data are in good agreement wlth Goodwin's theoretical result at high

sweep but are considerably below the other experimental data. The



uptrend of the data at the hlghest sweep is probably caused by the
noted three-dimensional effects. As the effectlve radlus of curvature
Is smaller (the leading edge viewed from the free stream direction Is
elliptical) the measured heat transfer would be highers

Looking at the stagnation Ilne In detall, no major deviatjon was ob-
served along the span at A = 60° (Fig. 17). This agrees with the pressure
and stand~off distance results with the Indication that the flow jn this
nose regjon can be considered two-dImensional. At A = 75© (Flgure 18), the
heat transfer rates were somewhat less than that found for the 60° study,
but decreased along the model. This agaln agrees with the pressure results
(Figure 15)e It is planned to examine thls effect In greater detall in
continujng studies.

Preliminary results for these conditions presented Jn an |AS
preprint (Ref. 11}, which showed much higher heat transfer at the
upstream region of the measuring reglons were found to be influenced
by erroneous recovery temperature measurements which were corrected by

these subsequent studies.

CONCLUD ING REMARKS
The results which have been obtained from this exploratory
study to date follow:

l« The apex shape had no effect on the pressure distribution
in the region of measurement for all sweepback angles.

2. Over the nose region, two-~dimensional flow was observed
over the instrumented sectlon to A = 60°.

3. At low sweepback angles, the Mach number had no effect on
the pressure distributlon as predicted by the normal Mach
number hypothesis.,

4, Modified Newtonian theory agreed well wjth the measured
pressure in the stagnation region and up to 8 = 450,
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6.

7

In the Mach number range from 7 to 17, the stagnation polnt
pressure predicted by the normal Mach number hypothesls was
in good agreement with the measured values for sweep angles
less than 30°, At hjgher sweep angles, the measured pressure
devlated from the predicted value by + ten percent over the
Mach number range.

The stagnation polnt and chordwise heat transfer distribution
at zero sweep as predicted by Cohen and Reshotko was in good
agreement with experimental results but the application of

this technique for other sweepback angles gave poor resultse.

The stagnation |ine heat transfer for various sweepback

angles is reasonably predicted by the cos3/2A lawe. The
present experimental results are consjderably lower than
comparable data at low Mach numbers.
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Figure 1.

The heat transfer (left) and pressure (right)
models with tips.
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Figure 2, Location of the pressure orifices and thermocouples.
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75° and A=60°.

Figure 3. Various tips for the pressure model, A
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Figure 8. “<ffect of stagnation pressure at M~11, A= 60°,

26



.oco =V ‘11~ 103

aury uorjeulers a3 Buoye orjex sanssaad pazZiTewraoN ‘6 2andi g

SIHONI x
052 S22 002 SUI 01 ¢zl 00 L0
§ ¥ X w w H vm H w } X

X3dv INNT8 X
X3dV d¥VHS o

09:=V I|I~N

80

60

'



'09L =V ‘T11~W 103
auiy uoneudels oyy Suore onyea sinsssad pozifewraoN Q1 2andrg

S3HON| X
4 8¢ v 0¢ ol 2’ 80 vo o

80

%wwhmm LMTx o._.a

nnep
Padand

X3dv INN18 X A/\ «—

X3dV dYVHS ©
— oSL =V II~N rA

| i _




‘1T~ 3¢ dooms a1qelieA 103 831pNIs 90ex} 10 9} jo Lrewwung ] san8r g

(NOILO3YIO MOJ) X

SL=V

Jec-v

29




509 =V ‘11~ W I0J 2OUelsIp Jjo-pueis 7| 2InBry

SIHONI X
82 v'2 02 9 2 80 +'0 o,
100
X «—
200
/
_ \\\\ — €00
SLN3WYNSVIN 30 NOI93Y ot
_. o

IDIY

X3dV d¥VHS ///// 00
X3dV LNNT8 \\\\\
09:=V 1I~NW

| l _ 900

30

(S3HONI) v



"oSL =V ‘11~ W 203 3doueisIp jjo-puels ‘¢ a2Indrg
S3HONI X
8¢ v 0¢ 91 2l 80 14" 0

X <&—
Ny | 200

—t LNIWHNSVY3N 40 NOI93Y

€ T
s
=
=
e
%E
/
8
(e}
(S3HONI) ©

i 4 800

X3dV duVHS ///7//

I oo

X3dV 1NNTE \\\\\
SL=V II~N

| ! 210

31



08

*gI9quInu Yoe]N wealls aosdj snoliea

203 stsoyiodAy Iaqunu YoeW [BULIOU Y3 JO II¥JFA  “H1 sandi g

v
o)) 09 oS ot oe 0¢

o]

80

60

x

0O x
<5
a0

a
&

(o]

0O Q Xx
L

000'0¢
000'€S
000'e6
000'2S

ey

i
€l
Ll

W

oOdQ(Q0Xx

32



h{OTY/#12 ggc on)

1
M~
7 A
o 0
A I8
s o 30
v 45
O 8524
zil ~ < 70
0\ P 75
A ———— COHEN & RESHOTKO
-. D
10 N
s\
7 N \&
y o \
. <IN
4 PS \
2 e B %
v v
SHOULDER
'62 - [ | 1 §
10' 2 4 7 10 2 4 10

s/t

Figure 15, Summary of the heat transfer distribution at M~11.

33



08

0l 09 oS

1T~ ‘ourf uonyeuldeis
a1 Je Oo1jel Isysuel) Jeoy oy uo dooms Jo 30933 ‘91 sandt g

v

ov

oe

o124

Ol

vivQd LN3S3¥d — O
6'c =W 'I0 I NIMQOOS — D
89:=W
HIHOVTIVO B HLIM®OIB — —
OXLOHS3Y B8 H1IMXMO38

1 { \

4371134 — X T

c0

140

0:}/S .On<£

90

80

3



Gl

509 =V ‘T e 193suen; Jeoy ourf uonjeudeig L1 2andig

S3HONI
G2 S|

X

T

009 =V
IH~N

0
SO0
-
010 <
-4
S
=
°
(¢}
SI'0 3



ot

"0SL =V ‘IT~W e 193jsuex; jeay aur] uorjeudejs °gr a2andi1 g

S3HONI X
¢ 02

Sl

)\

o o o §

GO0

oSl =7V
I~N

oI'o

S0

020

36

(Mo 938 ;4/n.9) M



AITJISSVIONN

AV‘\I

JE— -

‘potpmas s3uea 19q

-wnu yoew 2I1jus oyl 19a0 sofdue deams ysiy
3® SUOTIRISPISUOD IBQUINU YOB] [euliou woly
SUOTIEIASP PaMOYs paurwexs suoldax a3ps
furpesy syl ‘-o3pe Furpes| sy Juore suonlels
SNOTIRA 1B PIUTWISIIP aam Lpnys Iapun
suo1Sox a8po Furpeoy oyl uo 23erd o yo Lxep
-unoq weaaisdn 10 xade ayj jJo s139)y0 sWOG
11 03 L WOJ} SIdqUINU YoBW I® [PUUn] putp
sTuos1adAl wniiay AI1Sa3ATU(] UOIOULL] 34}
u1 INO parIAEI. SI9M §I83} YL "oGL 0F 0192

(J980 ) |
' A .
\ 7’

woay sa18ue jdoms e erd Juniq e jo uoiBaa
28ps Burpee] sy} Jo SUOIIDIS IBAL PAUTEIQO
u99q 2A®Y S}[NSI L I3jgueI] jedy pue UOnNqlI}
-81p sanssaxd panielap swtos ‘s3urm dTUOS
-1adAy jo Apmys Tejusulepuny e jo j1ed e SY
j1xodsy payisseoun
(so¥-29 THV) (629L-919)¢¢
AV 30ex3u0D) (10-$90L dsel ‘p90L 123loxd)
‘soqt pout ~d g¢ ‘2961 isndny ‘f°N ‘uol
-92ulzg ‘°n uolsdurad ‘sep ¥ 'l ‘ueunsioy
0 *D 4q s@IAJS DINOSYAJAH LV ALVTd
INNTI LJdIMS V JO IDAFT ONIAVIT
dHL 1NOdV MOTd IH1 O ‘dJVv uosisned
-1q81a p ‘satacjeroqe] Yo 1easay [ed2UNeuUdIdy

AW\

qATAISSVTONN

aIATIISSYTIONN

dJIJISSVTIONN

‘patpmys a8uex 19q

-wnu YoeW 9I1U3 3y} 1940 sajdue dooms ydiy
1€ SUOIIRISPISUOD I3qUINU YD [eWIou WoI}
SUOTIRIADD POMOYs pauruuexa suorBax a8pa
Suipesy oyl ‘98ps Surpeaj sy Suore suonels
SNOlIeA j® PIUTWIASP 2I19m Apms Iapun
suotBoa 98po Burpesy sy uo srerd ap yo Aaep
-unoq wealisdn xo xade oyl jJo s303J32 awOg
‘L1 01 } WOJIJ SIaquunu YOeW e [2uuny purm
>wosaadAy wni(ay A1T1SIDATU]) UOIIDUL] Y
Ul 100 PATIIED IIIM SIS YL "oGL O} 0I3Z

{ 4980 )
’ A)
\ /

woaj sa8ue 1doms je ajerd juniq e jo uordax
23po 3urpeat oYy} Jo SUOIIDIS JIIA0 pIUTRIQO
u22q a2ARY §I[NSIJI IIJSUERI} Jeay pue uoInqryly
-s1p sanssaad pafrelap swos ‘sBurm omuoe
-1ad4y jo Apnis feyuawepuny e jo 3aed e 8y
1x0day payisserduf
(sov-29 TUV) (629L-(919)€E
Av 19enuod) (10-¥90L Msel '¥90L 1>3foxg)
‘snir 1out -d 9¢ *2961 isndny ‘f°N ‘uol
-90ullg ¢ uolddurag ‘sep “q '] ‘uveunsioy
DD 4q s@IAJLS DINOSHAJAH LV JALVId
ILNNTE LdIMS V JO IDAT DNIQVIT
JHLI LNO9V MOTA THL 'O ‘d4V uosisned
-1y8ta g ‘sata0leIOqR ] Y21€a59Y TeOUNBUOIdY



